1. Introduction {#s0005}
===============

Cancer is one of the most critical public health issues and a leading cause of human death worldwide ([@b0095], [@b0120]). Many of currently available anticancer agents lack sufficient selectivity towards cancer cells, causing a wide range of toxic side effects. Therefore, the development of more effective anticancer agents with improved pharmacokinetic properties is an urgent medical need.

Imidazolidine-2,4-dione (hydantoin) is a versatile scaffold that exerts a wide range of pharmacological effects such as anticancer activity and inhibition of COX-1/2 and carbonic anhydrase ([@b0005], [@b0010], [@b0015], [@b0130], [@b0125], [@b0030], [@b0080], [@b0070]). A 5,5-diphenylimidazolidine-2,4-dione derivative (**I**) displayed a promising growth inhibitory activity against several distinct cancer cell lines at 10 μM ([Fig. 1](#f0005){ref-type="fig"}) ([@b0015]). The proposed molecular mechanism of anticancer activity was mediated by EGFR kinase inhibition ([@b0015]). Another imidazolidine-2,4-dione derivative (**II**) showed good antiproliferative activity against the lung cancer cell line A549 ([Fig. 1](#f0005){ref-type="fig"}) ([@b0130]) and inhibited autophosphorylation of epidermal growth factor receptor (EGFR) in the same cell line at an IC~50~ of 19 μM ([@b0130]).Fig. 1Reported and proposed 5,5-diphenylimidazolidine-2,4-dione--isatin conjugates with anticancer and protein kinase inhibitor activity.

Isatin-containing compounds and their Schiff's bases are known to possess anticancer activity ([@b0095], [@b0115], [@b0065], [@b0055], [@b0020], [@b0075], [@b0050], [@b0105], [@b0100], [@b0025]). Sunitinib (**III**) is an isatin-containing drug approved by the FDA for the treatment of renal cell carcinoma (RCC) and gastrointestinal stromal tumor (GIST) ([Fig. 1](#f0005){ref-type="fig"}) ([@b0085], [@b0090]). Sunitinib is a receptor tyrosine kinase (RTK) inhibitor that blocks the vascular endothelial growth factor receptor 2 (VEGFR2) with an IC~50~ value of 80 nM ([@b0110]). Another isatin derivative (**IV**) is a potent growth inhibitor of colorectal and breast cancer cell lines at an average IC~50~ of 10 μM that induces apoptosis at the same concentration ([Fig. 1](#f0005){ref-type="fig"}) ([@b0040]). Moreover, this compound showed good inhibitory activity against cellular EGFR at 10 μM ([@b0040]).

In this study, we sought to develop effective cytotoxic agents by synthesizing novel hybrid derivatives **14**--**19** of 5,5-diphenylimidazolidine-2,4-dione conjugated to 5-substituted isatin that were evaluated for their anticancer activity. Moreover, to identify the most potent compound among the new derivatives, they were tested for their activity as EGFR and VEGFR2 kinase inhibitors and as apoptosis and caspase inducers. Molecular docking studies were performed to predict the structural determinants for the kinase inhibitor activity toward the target molecules.

2. Results and discussion {#s0010}
=========================

2.1. Chemistry {#s0015}
--------------

The synthetic route for target compounds **4**--**19** is presented in [Scheme 1](#f0040){ref-type="fig"}. The structures of target compounds **4**--**19** were confirmed by IR and NMR spectroscopy as well as mass spectrometry. To generate ethyl (5,5-diphenylhydantoin-3-yl)acetate (**2**) as reported previously, 5,5-diphenylhydantoin **(1)** and ethyl bromoacetate were heated in acetone containing anhydrous K~2~CO~3~ ([@b0060], [@b0005]). The resulting ester was combined with hydrazine in refluxing ethanol to yield a hydrazide derivative (**3**) ([@b0035], [@b0005]) that was reacted with either an appropriate benzaldehyde derivative or 3-formylindole to produce Schiff's bases **4**--**12** or **13,** respectively, according to the method reported previously ([@b0005]). Similarly, Schiff's bases **14**--**19** were prepared by reacting **3** with a suitable isatin derivative.Scheme 1Synthesis of 5,5-diphenylimidazolidine-2,4-dione conjugated to isatin, benzaldehyde or 3-formylindole. Reagents and conditions: (a) ethyl bromoacetate, K~2~CO~3~, acetone, reflux, 24 h; (b) N~2~H~4~, EtOH, rt, 24 h; (c) appropriate benzaldehyde or isatin, AcOH, MeOH, reflux, 6 h.

2.2. Biological activity {#s0020}
------------------------

### 2.2.1. Cytotoxicity assay {#s0025}

The Alamar Blue assay was performed *in vitro* to assess the cytotoxic effect of 2-(2,5-dioxo-4,4-diphenylimidazolidin-1-yl)acetamide derivatives along with the reference compound docetaxel on HeLa, human lung adenocarcinoma (A549), and human breast adenocarcinoma (MDA-MB-231) cell. After treating the cancer cells for 24 h, most compounds exhibited a promising antiproliferative activity ([Table 1](#t0005){ref-type="table"}).Table 1Structures of compounds 2--19 and their cytotoxic activity (IC~50~) against human cancer cell lines.![](fx14.gif)CompoundR24 h IC~50~ (μM)HeLaA549MDA-MB-2312--241 ± 1.3108 ± 3.7263 ± 3.43--236 ± 3.5278 ± 7.5278 ± 24![](fx15.gif)170 ± 1.3350 ± 5.2240 ± 0.95![](fx16.gif)123 ± 2.6157 ± 1.4196 ± 1.76![](fx17.gif)168 ± 1.2347 ± 7.2173 ± 27![](fx18.gif)123 ± 1.6\>350150 ± 2.48![](fx19.gif)60 ± 3.3162 ± 2.3154 ± 1.19![](fx20.gif)50 ± 1175 ± 4.3136 ± 3.910![](fx21.gif)113 ± 0.9267 ± 6200 ± 4.111![](fx22.gif)53 ± 2.1170 ± 4.2133 ± 0.712![](fx23.gif)39 ± 3.1116 ± 1.3\>35013![](fx24.gif)10 ± 2.1160 ± 0.8156 ± 3.114![](fx25.gif)30 ± 2.6116 ± 1.6123 ± 0.815![](fx26.gif)53 ± 2.272 ± 3311 ± 5.516![](fx27.gif)18.5 ± 1.695 ± 164 ± 0.617![](fx28.gif)29 ± 1.777 ± 1.5138 ± 2.618![](fx29.gif)30 ± 1.2229 ± 5.280 ± 0.719![](fx30.gif)118 ± 1.3170 ± 2.2174 ± 2.9Docetaxel--100 ± 3.850 ± 1.3100 ± 2.2

Compounds **8**, **9** and **11**--**18** showed high cytotoxic activity against HeLa cells (IC~50~: 10--60 μM); the comparative IC~50~ value for docetaxel was 100 μM. On the other hand, compounds **2**--**7**, **10** and **19** were less active than docetaxel with IC~50~ values 114--241 μM. A549 cells, however, were significantly less sensitive to all of the tested compounds (IC~50~: 72--350 μM); the comparative IC~50~ value for docetaxel was 100 μM. Finally, only compounds **16** and **18** showed more potent cytotoxic activity against MDA-MB-231 cells than docetaxel with IC~50~ values of 64, 80 and 100 μM, respectively. Overall, the results indicated that compound **16** is the most potent compound with average IC~50~ against the tested cell lines of 59 μM whereas the average IC~50~ of docetaxel is 83 μM.

Generally, the vast majority of the tested compounds showed promising antiproliferative activity with HeLa cells being most sensitive cell line (average IC~50~ = 93 μM). The cytotoxic activity was improved upon introducing indole or isatin at R. In contrast, the derivatives with phenyl groups exerted a cytotoxic activity comparable to docetaxel only against HeLa cells whereas their IC~50~ values were significantly higher than docetaxel against A549 and MDA-MB-231. Substitution on the phenyl ring (compounds **5**--**12**) improved the anticancer activity against HeLa cells (IC~50~: 39--168 μM) when compared with the unsubstituted derivative **4** (IC~50~: 170 μM). Moreover, compounds **8**--**12** with di- and trisubstituion showed further improvement in the anticancer activity against the same cells (IC~50~: 39--113 μM).

Schiff's bases of indole and isatins **13**--**19** exhibited significant improvement in anticancer activity against HeLa cells when compared to compounds **4**--**12** with compound **13** being the most cytotoxic agent. Introducing electron-donating group to 5-position of isatin as in **19** abolished the cytotoxic activity (IC~50~: 118 μM) when compared to compounds **14**--**18** with electron-withdrawing groups or no substitution at the same position (IC~50~: 18.5--53 μM).

The results of the cytotoxicity test were promising for an investigation of the possible mechanism of the anticancer activity exerted by compounds **16** and **18**.

### 2.2.2. Kinase inhibitory activity and molecular docking studies {#s0030}

EGFR and VEGFR2 inhibition assays were used to assess the RTK inhibitory activity of compounds **13**, **16** and **18** ([Table 2](#t0010){ref-type="table"}). Compounds **13** and **18** exhibited a potent inhibitory activity against EGFR with IC~50~ values of 0.10 and 0.37 μM. The substitution of the nitro group at position 5 in compound **18** by a fluorine group in compound **16** significantly reduced the inhibitory activity against EGFR. Interestingly, compound **16** exhibited a promising inhibitory activity against VEGFR2 with an IC~50~ of 0.09 μM whereas compounds **13** and **18** inhibited the same receptor in the micromolar ranges.Table 2Summary of *in vitro* evaluation of compounds 13, 16 and 18.![](fx31.gif)CompoundRKinase inhibition IC~50~ (μM)HeLa IC~50~ (μM)EGFRVEGFR213--0.10 ± 0.020.47 ± 0.0910 ± 2.116F6.17 ± 0.220.09 ± 0.0118.5 ± 1.618NO~2~0.37 ± 0.012.52 ± 0.0930 ± 1.2Erlotinib--0.10 ± 0.010.004 ± 0.11NTSorafenib--0.06 ± 0.0040.005 ± 0.001NT

The anticancer activity along with the inhibition of VEGFR2 and EGFR by compound **16** and compound **18**, respectively, prompted us to investigate the possible binding interactions of compound **16** and compound **18** with the active site of VEGFR2 and EGFR, respectively, by performing molecular docking simulation using Autodock vina.

We assumed that compound **16** exerts its anticancer activity by inhibiting VEGFR2. The crystal structure of VEGFR2 in complex with sunitinib (PDB code: [4AGD](pdb:4AGD){#ir005}) was obtained from the protein data bank. The potential interactions along with the alignment of compound **16** and the original inhibitor sunitinib were investigated by docking compound **16** into the active site of VEGFR2 ([Fig. 2](#f0010){ref-type="fig"}A). The binding energies of compound **16** and sunitinib docked into the active site of VEGFR2 were −9.8 and −9.7 kcal/mol, respectively. The docking simulation predicts that the isatin group of compound **16** is overlaying the isatin group of sunitinib in the hydrophobic binding pocket of VEGFR2. Furthermore, like the isatin group of sunitinib, the amide substituent on the isatin group of compound **16** is making two hydrogen bonds with GLU 917 and CYS 919. The hydantoin moiety in compound **16** is making two hydrogen bonds with LEU 840 and ASN 923, indicating that the hydantoin moiety has a different orientation than the other parts of sunitinib. [Fig. 2](#f0010){ref-type="fig"}B presents the pose and binding mode of compound **16** at the active site of VEGVR2 that supports the hypothesis that compound **16** may inhibit the same target enzyme as sunitinib.Fig. 2A. 3D alignment of compound 16 (blue) and sunitinib (green) in the active site of VEGFR2. B. 2D presentation of the interactions between compound 16 and the active site of VEGFR2. Hydrogen bonds are indicated as green dotted lines.

To predict the protein-ligand binding properties of compound **18**, the crystal structure of EGFR in complex with gefitinib (PDB code: [2ITY](pdb:2ITY){#ir010}) was obtained from the protein data bank. The potential interactions along with the alignment of compound **18** and the original inhibitor gefitinib were simulated by docking compound **18** into the active site of EGFR ([Fig. 3](#f0015){ref-type="fig"}A). Based on the results of the anticancer activity tests and the EGFR assay, we assumed that compound **18** exerts its anticancer activity by inhibiting EGFR through binding. The binding energies of compound **18** and gefitinib docked into the active site of EGFR were −9.6 and −7.8 kcal/mol, respectively. [Fig. 3](#f0015){ref-type="fig"}B shows that the hydantoin moiety of compound **18** is occupying the hydrophobic pocket of EGFR by making hydrophobic interactions with LEU 714, LEU 844, ALA 743, and VAL 726, whereas the isatin moiety forms hydrogen bonds with SER 720, GLY 721, GLY 719, and LYS 745. It appears that the nitro group on position 5 in compound **18** reduces the preference of the isatin moiety for the hydrophobic pocket. Hence, these docking simulations predict why compound **18** is selective for EGFR and compound **16** is selective for VEGFR2.Fig. 3A. 3D alignment of compound 18 (blue) and gefitinib (violet) in the active site of EGFR. B. 2D presentation of the interactions between compound 18 and the active site of EGFR. Hydrogen bonds are indicated as green dotted lines.

Molecular docking of compound **4**, the least active cytotoxic agent, into the active site of EGFR and VEGFR2 was performed to investigate the potential differences in orientation and type of interactions in comparison to compound **16** and compound **18** on VEGFR2 and EGFR, respectively. The molecular docking results showed that compound **4** is making only one hydrogen bond with VEGFR2 ([Fig. 4](#f0020){ref-type="fig"}A and B) while no hydrogen bond was found with EGFR ([Fig. 4](#f0020){ref-type="fig"}C and D). This can probably explain the low potency of compound **4** on the three cell lines in comparison to compounds **16** and **18**.Fig. 4A. 3D alignment of compound 4 (blue) and sunitinib (green) in the active site of VEGFR2. B. 2D presentation of the interactions between compound 4 and the active site of VEGFR2. C. 3D alignment of compound 4 (blue) and gefitinib (violet) in the active site of EGFR. D. 2D presentation of the interactions between compound 4 and the active site of EGFR. Hydrogen bonds are indicated as green dotted lines.

### 2.2.3. Induction of apoptosis and caspase-3/7, -8, and -9 {#s0035}

Cell death induced by anticancer agents can occur by either apoptosis or by necrosis. This was assessed for compound **16** using the annexin V/PI assay after treating HeLa cells with compound **16** for 24 h. [Fig. 5](#f0025){ref-type="fig"} shows that the percentage of apoptotic cells after treatment with 5 and 10 µM of compound **16** were 48.6% and 63.4%, respectively.Fig. 5The percentage of HeLa cells undergoing apoptosis after a 24 h treatment without compound 16 (Control, upper panel) or with 5 and 10 μM of compound 16 (lower right and left panel, respectively).

The activity of caspases -3/7, -8, and -9 in HeLa cells was assayed after 24 h of treatment with 0, 5, and 10 µM of compound **16** ([Fig. 6](#f0030){ref-type="fig"}). There were no significant changes in the activity of caspase-8 and -9. However, for the executioner caspase activity (caspase-3/7), the results show that the 24 h treatment of HeLa cells with 10 µM of compound **16** caspase-3/7 activity by approximately 40%.Fig. 6Levels of caspase -3/7, -8, and -9 in HeLa cells after treatment with 5 and 10 μM of compound 16 for 24 h.

### 2.2.4. Reactive oxygen species (ROS) generation {#s0040}

Reactive oxygen species (ROS) play a significant role in cell regulation, activation of signaling cascades, and apoptosis. Changes in ROS levels were measured after a 24 h incubation of cells with 0, 10, and 40 µM of compound **16**. The principle behind the determination of HeLa cells undergoing oxidative stress is based on the intracellular detection of superoxide radicals. After the 24 h incubation, we detected an increased level of ROS production after treatment with 10 µM and 40 µM of **16** in 68.8% and 37.7% of cells, respectively ([Fig. 7](#f0035){ref-type="fig"}).Fig. 7Measurement of ROS level in response to 16. Level of ROS in control (A), 10 µM (B), and 40 µM (C).

3. Conclusion {#s0045}
=============

A series of fifteen derivatives (**4**--**19**) was designed, synthesized, and evaluated *in vitro* for anticancer activity and EGFR and VEGFR2 inhibitory activity. Compound **16** showed potent VEGFR2 inhibitory activity (IC~50~ = 0.09 μM), whereas compounds **13** and **18** were more potent against EGFR (IC~50~ = 0.10 and 0.37 μM, respectively) than compound **16**. Compounds **13**, **16**, **17** and **18** showed strong cytotoxic activity against HeLa cells (IC~50~ values = 10, 18.5, 29 and 30 μM, respectively) in comparison to that of docetaxel (IC~50~ = 100 μM). Compound **16** induced caspase 3/7-dependent apoptosis and ROS production in HeLa cells.

4. Experimental {#s0050}
===============

4.1. Chemistry {#s0055}
--------------

Melting points (uncorrected) and IR spectra were recorded on a Barnstead 9100 Electrothermal melting apparatus and an FT-IR Perkin-Elmer spectrometer, respectively. ^1^H and ^13^C NMR spectra were recorded in deuterated dimethyl sulfoxide (DMSO‑*d*~6~) on a Bruker 500 and a 125 MHz NMR spectrometer, respectively, using tetramethylsilane (TMS) as an internal standard (chemical shifts in ppm). Agilent 6320 Ion Trap mass spectrometer was used to record mass spectra. Compounds **2, 3**, **4**, **6**, and **7** were prepared as reported previously ([@b0005]).

### 4.1.1. General procedure for the synthesis of compounds 4--13 {#s0060}

A solution of 2-(2,4-dioxo-5,5-diphenylimidazolidin-3-yl)acetohydrazide (**3**) (1.0 mmol, 0.324 g) and an appropriate benzaldehyde (1.1 mmol) in dry methanol (10 mL) was refluxed for 6 h. The reaction mixture was cooled and the formed precipitate recovered by filtration, dried, and recrystallized from an appropriate solvent.

#### 4.1.1.1. N\'-(4-Chlorobenzylidene)-2-(2,5-dioxo-4,4-diphenylimidazolidin-1-yl)acetohydrazide (5) {#s0065}

Yield, 96%; mp: \>350 °C; IR (KBr) ν~max~/cm^−1^: 3412, 3229 (NH), 1773, 1713 (C000000000000 000000000000 000000000000 111111111111 000000000000 111111111111 000000000000 000000000000 000000000000O); ^1^H NMR (500 MHz, DMSO‑*d*~6~): *δ* 11.75 (s, 1H), 9.71 (s, 1H), 8.19 (s, 0.27H), 8.03 (s, 0.73H), 7.74 (d, 2H, *J* = 8.5 Hz), 7.52--7.37 (m, 12H), 4.62 (s, 1.49H), 4.25 (s, 0.51H); ^13^C NMR (DMSO‑*d*~6~): *δ* 69.58, 126.93, 128.19, 128.44, 128.58, 128.74, 128.83, 128.88, 132.77, 132.90, 134.49, 134.67, 139.49, 139.56, 143.17, 145.99, 154.89, 155.03, 162.76, 167.38, 173.45; C~24~H~19~ClN~4~O~3~: *m*/*z* (446).

#### 4.1.1.2. N′-(3,4-Dimethoxybenzylidene)-2-(2,5-dioxo-4,4-diphenylimidazolidin-1-yl)acetohydrazide (8) {#s0070}

Yield, 91%; mp: 310-312 °C; IR (KBr) ν~max~/cm^−1^: 3414, 3230 (NH), 1778, 1732 (CO); ^1^H NMR (500 MHz, DMSO‑*d*~6~-CDCl~3~): *δ* 11.61 (s, 0.22H), 11.50 (s, 0.78H), 9.58 (s, 1H), 8.11 (s, 0.22H), 7.94 (s, 0.78H), 7.49 (d, 2H, *J* = 7.5 Hz), 7.47 (d, 2H, *J* = 7.0 Hz), 7.39--7.31 (m, 7H), 7.12 (d, 0.22H, J = 8.5), 7.11 (d, 0.78H, *J* = 8.5 Hz), 6.93 (dd, 1H, *J* = 8.0 & 7.5 Hz), 4.65 (s, 1.56H), 4.25 (s, 0.44H), 3.82 (dd, 6H, *J* = 1.5 Hz); ^13^C NMR (DMSO‑*d*~6~-CDCl~3~): *δ* 55.38, 55.44, 69.59, 108.04, 111.02, 121.51, 126.57, 126.70, 127.90, 128.13, 139.51, 139.57, 144.33, 148.99, 150.56, 155.12, 166.93, 173.42, 173.51; C~26~H~24~N~4~O~5~: *m*/*z* (472).

#### 4.1.1.3. 2-(2,5-Dioxo-4,4-diphenylimidazolidin-1-yl)-N′-(4-hydroxy-3-methoxybenzylidene)acetohydrazide (9) {#s0075}

Yield, 85%; mp: 348-350 °C; IR (KBr) ν~max~/cm^−1^: 3362, 3176 (NH), 1780, 1715 (CO); ^1^H NMR (500 MHz, DMSO‑*d*~6~-CDCl~3~): *δ* 11.59 (s, 0.25H), 11.46 (s, 0.75H), 9.61 (s, 1H), 9.41 (s, 1H), 8.07 (s, 0.25H), 7.92 (s, 0.75H), 7.46--7.30 (m, 11H), 7.07--7.02 (m, 1H), 6.84--6.81 (m, 1H), 4.62 (s, 1.75H), 4.23 (s, 0.25H), 3.83 (s, 3H); ^13^C NMR (DMSO‑*d*~6~-CDCl~3~): *δ* 48.67, 55.46, 69.55, 108.83, 115.23, 121.69, 122.19, 125.33, 126.56, 127.00, 127.96, 128.20, 139.59, 144.71, 147.72, 147.90, 148.82, 149.04, 154.92, 155.09, 162.23, 166.84, 173.41, 173.50; C~25~H~22~N~4~O~5~: *m*/*z* (458).

#### 4.1.1.4. N′-(Benzo\[d\]\[1,3\]dioxol-5-ylmethylene)-2-(2,5-dioxo-4,4-diphenylimidazolidin-1-yl)acetohydrazide (10) {#s0080}

Yield, 87%; mp: \>350 °C; IR (KBr) ν~max~/cm^−1^: 3413, 3243 (NH), 1775, 1721 (CO); ^1^H NMR (500 MHz, DMSO‑*d*~6~-CDCl~3~): *δ* 11.77 (s, 0.22H), 11.65 (s, 0.78H), 9.62 (s, 1H), 8.19 (d, 0.22H, *J* = 8.5 Hz), 8.02 (s, 0.78H), 7.73 (s, 2H), 7.45--7.36 (m, 11H), 7.18 (d, 2H, *J* = 8.5 Hz), 4.61 (s, 1.40H), 4.23 (s, 0.60H); ^13^C NMR (DMSO‑*d*~6~-CDCl~3~): *δ* 69.55, 115.51, 115.68, 126.97, 127.94, 128.20, 128.87, 128.93, 129.19, 130.39, 139.58, 143.12, 146.05, 154.86, 155.02, 162.04, 162.58, 164.01, 167.14, 173.43; C~25~H~20~N~4~O~5~: *m*/*z* (456).

#### 4.1.1.5. 2-(2,5-Dioxo-4,4-diphenylimidazolidin-1-yl)-N′-(3,4,5-trimethoxybenzylidene)acetohydrazide (11) {#s0085}

Yield, 95%; mp: 346-348 °C; IR (KBr) ν~max~/cm^−1^: 3414, 3310 (NH), 1772, 1717, 1700 (CO); ^1^H NMR (500 MHz, DMSO‑*d*~6~-CDCl~3~): *δ* 11.51 (s, 0.2H), 11.60 (s, 0.8H), 9.58 (s, 1H), 8.10 (s, 0.2H), 7.935 (s, 0.8H), 7.45 (d, 4H, *J* = 7.5 Hz), 7.37--7.31 (m, 6H), 6.99 (s, 0.4H), 6.95 (s, 1.6H), 4.64 (s, 1.6H), 4.25 (s, 0.4H), 3.82 (s, 6H), 3.74 (d, 3H, *J* = 4.0 Hz); ^13^C NMR (DMSO‑*d*~6~-CDCl~3~): *δ* 55.77, 60.02, 69.59, 104.01, 104.35, 126.55, 126.99, 127.89, 128.12, 129.313, 139.14, 139.34, 139.48, 144.18, 147.28, 153.03, 155.10, 167.09, 173.39, 173.48; C~27~H~26~N~4~O~6~: *m*/*z* (502).

#### 4.1.1.6. 2-(2,5-\]ioxo-4,4-diphenylimidazolidin-1-yl)-N′-(2,4,5-trimethoxybenzylidene)acetohydrazide (12) {#s0090}

Yield, 93%; mp: \>350 °C; IR (KBr) ν~max~/cm^−1^: 3545, 3214 (NH), 1772, 1700 (CO); ^1^H NMR (500 MHz, DMSO‑*d*~6~-CDCl~3~): *δ* 11.57 (s, 0.25H), 11.356 (s, 0.75H), 9.53 (s, 0.25H), 9.51 (s, 0.75H), 8.44 (s, 0.25H), 8.28 (s, 0.75H), 7.45--7.43 (m, 3H), 7.36--7.29 (m, 8H), 6.60 (d, 1H, *J* = 5 Hz), 4.60 (s, 1.5H), 4.19 (s, 0.50H), 3.85 (d, 3H, *J* = 3.0 Hz), 3.82 (d, 3H, *J* = 6.5 Hz), 3.75 (d, 3H, *J* = 4.0 Hz); ^13^C NMR (DMSO‑*d*~6~-CDCl~3~): *δ* 55.62, 55.88, 56.19, 69.5779.14, 107.83, 108.03, 113.27, 113.46, 127.01, 127.82, 128.04, 139.44, 139.50, 140.09, 143.10, 151.97, 153.10, 155.15, 162.08, 166.69, 173.52; C~27~H~26~N~4~O~6~: *m*/*z* (502).

#### 4.1.1.7. N′-((1H-indol-3-yl)methylene)-2-(2,5-dioxo-4,4-diphenylimidazolidin-1-yl)acetohydrazide (13) {#s0095}

Yield, 84%; mp: \>350 °C; IR (KBr) ν~max~/cm^−1^: 3364, 3253 (NH), 1774, 1701 (CO); ^1^H NMR (500 MHz, DMSO‑*d*~6~-CDCl~3~): *δ* 11.77 (s, 1H), 10.75 (s, 1H), 9.53 (s, 1H), 8.26 (s, 1H), 7.44--7.27 (m, 14H), 6.85--6.79 (m, 1H), 4.64 (s, 2H); ^13^C NMR (DMSO‑*d*~6~-CDCl~3~): *δ* 69.69, 110.96, 112.28, 116.12, 126.33, 126.97, 127.48, 127.61, 127.88, 128.09, 128.52, 128.76, 139.41, 142.45, 154.88, 164.23, 173.40; C~26~H~21~N~5~O~3~: *m*/*z* (451).

### 4.1.2. General procedure for the synthesis of compounds 14--19 {#s0100}

A solution of 2-(2,4-dioxo-5,5-diphenylimidazolidin-3-yl)acetohydrazide (**3**) (1.0 mmol) and an appropriate isatin (1.1 mmol) in dry methanol (10 mL) and glacial acetic acid (1 mL) was refluxed for 12 h. The resulting mixture was cooled and the formed precipitate was filtered, dried, and recrystallized from an appropriate solvent.

#### 4.1.2.1. 2-(2,5-Dioxo-4,4-diphenylimidazolidin-1-yl)-N′-(2-oxoindolin-3-ylidene)acetohydrazide (14) {#s0105}

Yield, 91%; mp: 340-342 °C; IR (KBr) ν~max~/cm^−1^: 3413, 3263 (NH), 1769, 1732, 1715 (CO); ^1^H NMR (500 MHz, DMSO‑*d*~6~-CDCl~3~): *δ* 11.77 (s, 1H), 10.85 (s, 1H), 9.62 (s, 1H), 8.43 (s, 1H), 7.44--6.82 (m, 13H), 4.69 (s, 2H); ^13^C NMR (DMSO‑*d*~6~-CDCl~3~): *δ* 69.69, 112.20, 112.87, 113.58, 116.56, 126.98, 127.94, 128.15, 128.35, 133.71, 134.59, 139.45, 142.95, 154.86, 164.00, 173.40; C~25~H~19~N~5~O~4~: *m*/*z* (453).

#### 4.1.2.2. N′-(5-Chloro-2-oxoindolin-3-ylidene)-2-(2,5-dioxo-4,4-diphenylimidazolidin-1-yl)acetohydrazide (15) {#s0110}

Yield, 88%; mp: 325-327 °C; IR (KBr) ν~max~/cm^−1^: 3414, 3254 (NH), 1773, 1731 (CO); ^1^H NMR (500 MHz, DMSO‑*d*~6~-CDCl~3~): *δ* 11.71 (s, 0.25H), 11.59 (s, 0.75H), 9.56 (s, 1H), 8.17 (s, 0.25H), 8.01 (s, 0.75H), 7.68--7.64 (m, 2H), 7.45 (d, 4H, *J* = 6.5 Hz), 7.363--7.346 (m, 7H), 4.62 (s, 1.5H), 4.23 (s, 0.5H); ^13^C NMR (DMSO‑*d*~6~-CDCl~3~): *δ* 69.59, 126.55, 126.70, 126.97, 127.86, 128.10, 128.44, 129.68, 129.89, 133.80, 139.54, 144.23, 147.21, 154.89, 155.07, 162.56, 167.09, 173.45; C~25~H~18~ClN~5~O~4~: *m*/*z* (487, 489).

#### 4.1.2.3. 2-(2,5-Dioxo-4,4-diphenylimidazolidin-1-yl)-N′-(5-fluoro-2-oxoindolin-3-ylidene)acetohydrazide (16) {#s0115}

Yield, 84%; mp: 315-317 °C; IR (KBr) ν~max~/cm^−1^: 3466, 3198 (NH), 1776, 1715 (CO); ^1^H NMR (500 MHz, DMSO‑*d*~6~-CDCl~3~): *δ* 11.52 (s, 1H), 10.69 (s, 1H), 9.57 (s, 1H), 7.40--7.27 (m, 10H) 7.22--7.15 (m, 1H), 7.12--7.07 (m, 1H), 6.83--6.79 (m, 1H), 4.73 (s, 2H); C~25~H~18~FN~5~O~4~: *m*/*z* (471).

#### 4.1.2.4. N′-(5-Bromo-2-oxoindolin-3-ylidene)-2-(2,5-dioxo-4,4-diphenylimidazolidin-1-yl)acetohydrazide (17) {#s0120}

Yield, 90%; mp: 294-296 °C; IR (KBr) ν~max~/cm^−1^: 3414, 3264 (NH), 1771, 1732, 1716 (CO); ^1^H NMR (500 MHz, DMSO‑*d*~6~-CDCl~3~): *δ* 11.51 (s, 1H), 10.76 (s, 1H), 9.65 (s, 1H), 8.11 (d, 1H, *J* = 7.5 Hz), 7.52--7.32 (m, 10H), 7.00 (s, 1H), 6.88 (d, 1H, *J* = 7.5 Hz), 4.71 (s, 2H); ^13^C NMR (DMSO‑*d*~6~-CDCl~3~): *δ* 69.69, 110.56,111.07, 115.06, 120.68, 121.53, 122.39, 126.09, 126.93, 126.99, 127.97, 128.19, 131.60, 132.50, 139.39, 139.47, 142.61, 143.96, 154.88, 164.36, 173.43; C~25~H~18~BrN~5~O~4~: *m*/*z* (532).

#### 4.1.2.5. 2-(2,5-Dioxo-4,4-diphenylimidazolidin-1-yl)-N′-(5-nitro-2-oxoindolin-3-ylidene)acetohydrazide (18) {#s0125}

Yield, 81%; mp: 267-269 °C; IR (KBr) ν~max~/cm^−1^: 3413, 3234 (NH), 1792, 1773, 1717 (CO); ^1^H NMR (500 MHz, DMSO‑*d*~6~-CDCl~3~): *δ* 12.51 (s, 1H), 11.43 (s, 1H), 11.83 (s, 1H), 9.68 (s, 0.5H), 9.65 (s, 0.5H), 9.14 (s, 0.5H), 8.32 (s, 0.5H), 8.27--8.23 (m, 1H), 7.46--7.31 (m, 4H), 7.39--7.31 (m, 5H), 7.10 (d, 0.5H, *J* = 8.5 Hz), 7.04 (d, 0.5H, *J* = 8.5 Hz), 4.84 (s, 1H), 4.71 (s, 1H); ^13^C NMR (DMSO‑*d*~6~-CDCl~3~): *δ* 110.47, 111.25, 114.83, 116.08, 121.69, 126.90, 126.97, 127.28, 127.97, 128.18, 139.45, 142.15, 142.85, 147.58, 149.27, 154.70, 164.59, 171.88, 173.23, 173.39; C~25~H~18~N~6~O~6~: *m*/*z* (498).

#### 4.1.2.6. 2-(2,5-Dioxo-4,4-diphenylimidazolidin-1-yl)-N′-(5-methoxy-2-oxoindolin-3-ylidene)acetohydrazide (19) {#s0130}

Yield, 82%; mp: 349-351 °C; IR (KBr) ν~max~/cm^−1^: 3545, 3214 (NH), 1772, 1700 (CO); ^1^H NMR (500 MHz, DMSO‑*d*~6~-CDCl~3~): *δ* 11.62 (s, 0.2H), 11.51 (s, 0.8H), 9.61 (s, 1H), 8.12 (s, 0.2H), 7.97 (s, 0.8), 7.65--7.61 (m, 2H), 7.45 (d, 4H, *J* = 6.5 Hz), 7.40--7.34 (m, 5H), 6.97--6.93 (m, 2H), 4.60 (s, 1.6H), 4.22 (s, 0.4H), 3.36 (d, 3H, *J* = 4.0 Hz); ^13^C NMR (DMSO‑*d*~6~-CDCl~3~): *δ* 55.11, 69.56, 114.05, 126.45, 126.99, 127.94, 128.20, 128.35, 128.63, 129.82, 139.54, 139.61, 144.15, 147.05, 154.90, 155.07, 160.70, 160.86, 162.30, 166.88, 173.47; C~26~H~21~N~5~O~5~: *m*/*z* (483).

4.2. Biological activity {#s0135}
------------------------

### 4.2.1. Cytotoxicity assay {#s0140}

The cancer cell lines were maintained in DMEM supplemented with L-glutamine (GIBCO), 10% FBS (GIBCO), and 1% penicillin--streptomycin (GIBCO). Cells were cultured at 37 °C in a 5% CO2 incubator. Cells were recovered from cultures and seeded in growth medium into 96-flat well microtiter plates (1 ×  10^4^ cells/well) for a 24 h incubation at 37 °C in a 5% CO2 incubator. The test compounds were adjusted to test concentrations of 10, 25, 50, and 1000 μM/ml by dilution with the growth medium. Cells on microtiter plates were incubated for 24 h, medium was removed, and the test compound dilutions were added to the wells. Control wells with cells did not contain any test compound. After 24 h of treatment with test compounds, 10 µL of Alamar Blue reagent (AbD Serotec, UK) was added to each well (final concentration, 10 μg/ml). Then, the plates were incubated at 37 °C for 2--4 h. After incubation, plates were read using Spectra Max M5 plate reader (Molecular Devices, Inc.) at 560 nm emissions and 590 nm excitation for recording the fluorescence intensity. Cell viability was calculated using the formula:$$\% Cell\mspace{900mu} viability = \frac{flourescence\mspace{900mu} of\mspace{900mu} treated\mspace{900mu} cells}{flourescence\mspace{900mu} of\mspace{900mu} untreated\mspace{900mu}(control)\mspace{900mu} cells} \times 100$$

#### 4.2.1.1. Kinase inhibition assay {#s0145}

EGFR kinase inhibitory activity was determined according to the manufacturer\'s instructions (EGFR Kinase Assay Kit Catalog \# ab126419 of ABCAM, Cambridge, MA) as reported previously ([@b0045]). VEGFR2 kinase inhibitory activity was determined according to the manufacturer\'s instructions (VEGFR2 Kinase Assay Kit Catalog \# 40352 of BPS Biosciences, San Diego, CA).

#### 4.2.1.2. Caspase-3/7, -8, and -9 activity assay {#s0150}

Prior to treatment with **16**, cells were seeded in 12-well plates (1 × 10^5^/well) in duplicates and incubated for 24 h. Then, cells were then treated with **16** at concentrations of 1, 5, 10 and 20 µM and control cells were incubated at 0.1% of DMSO (v/v) without test compound. After a 24 h incubation, the caspase-3/7, -8, and -9 activities were measured using the Caspase Glo® 3/7, Caspase Glo® 8 and Caspase Glo® 9 assay kits (Promega, USA), respectively, according to manufacturer's instruction.

#### 4.2.1.3. Measurement of ROS production {#s0155}

Quantitative ROS measurements in HeLa cells undergoing oxidative stress after treatment with varying concentrations of **16** (10 and 40 µM) was performed using the Muse Oxidative Stress Kit (Merck Millipore) according to manufacturer's procedure. Control cells were incubated with 0.1% DMSO (v/v). After a 24 h incubation, cells were analyzed on the Muse Cell Analyzer.

4.3. Molecular docking {#s0160}
----------------------

The protein crystal structure data was obtained from the RCSB Protein Databank. The 3D-crystal structures used for docking are 4AGD (VEGFR2 crystal structure data of juxtamembrane and kinase domain in complex with sunitinib) and 2ITY (EGFR crystal structure data of kinase domain in complex with gefitinib). Software programs used for docking simulations were Discovery Studio, AutoDock Tools, Vina, and PyRx (The Scripps Research Institute, La Jolla, CA). First, using Discovery Studio, the protein crystal structure data was processed by eliminating all extra molecules such as water, ligand, and sulfate. The processed data was saved as in PDB file format. Second, polar hydrogens were introduced using AtuoDock Tools and the file was saved in PDBQT format. Third, the co-crystallized ligands were isolated and saved in PDB format using Discovery Studio. Compounds **16** and **18** were also saved in PDB file format. Grid box was used to suppress non-specific binding predictions, reduce processing time, and pinpoint the docking size and dimension. Finally, docking simulations were performed using PyRx; the lowest energy poses of the compounds were and compared with the co-crystallized ligand poses.
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